Herein, we investigate if the latest Minnesota-type 1-7 density-functional-theory approximations (DFTAs) can describe the ubiquitous London-dispersion 8 phenomenon.
It has been shown that these methods are a substantial improvement over their immensely popular predecessors, the M05 and M06 suites of functionals, 9-11 not only for general molecular chemistry, but also for solid-state physics. 12 Very promising are the new range-separated hybrids M11 1 and MN12-SX, 2 as well as their local counterparts M11-L 3 and MN12-L. 4 These functionals all include terms that depend on the kineticenergy density. In addition, also related methods relying only on the density and its gradient have been developed: the global hybrid SOGGA11-X, 5 the range-separated hybrid N12-SX, 2 and their local versions SOGGA11 6 and N12. 7 In the strictest sense, London dispersion refers to attractive electron correlation effects between noncovalently bound moieties whose electron clouds do not overlap. In this long-range regime, the interaction energy is governed by the famous R −6 tail, with R being the distance between the involved moieties. 8 On the other hand, attractive medium-range effects around the van-der-Waals minimum are also sometimes labeled as "dispersion". In this regime, partial overlap of the individual electron clouds cannot be neglected. Herein, we consider both regimes and we use the terms medium-and long-range dispersion accordingly.
Like their predecessors, the latest Minnesota functionals are examples for attempts to incorporate medium-range dispersion through empirical fitting of a large number of functional parameters to a diverse set of benchmark data. This training set includes a subset of 31 noncovalent interaction energies (NCIEs) in which 7 systems are dominated by "weak interactions" and 5 more by "π − π stacking". Based on an analysis of this subset, particularly the M11, MN12-SX, and MN12-L functionals were recommended as some of the best performing for NCIEs. 12 However, due to the small number of test cases, knowledge of their capability to describe London dispersion is limited. It was reported recently that the two M11-type DFTAs underbind the helium, argon, coronene and naphthalene dimers, 13, 14 and that M11 and N12 were unable to properly describe adsorption of aromatic systems on graphene. 15 Figure 1: Dissociation curves of the argon dimer for local (a) and for hybrid Minnesota DFTAs (b) obtained with the AVQZ AO basis set and Gaussian's "superfine" quadrature grid. The reference curve was obtained at the nonrelativistic W2-F12 level of theory.
Given the tremendous success of their predecessors, it is expected that also the new Minnesota methods will soon be applied regularly by the broader research community.
In light of this, a comprehensive analysis of all these methods for London-dispersion interactions is needed to complement our understanding of their applicability.
We begin our discussion with the dissociation curve of the argon dimer. Results for the investigated DFTAs with the large aug-cc-pVQZ 16 (AVQZ) atomic-orbital (AO) quadruple-ζ basis set are compared with the accurate composite W2-F12 17 level of theory (Figs. 1a and 1b) . It turns out that almost all functionals are nonbinding.
Only the MN12-L and N12 functionals show the smooth exponential decay expected for a conventional DFTA that is unable to describe medium-and long-range dispersion (Fig. 1a) . The curve for M11-L has an unphysical inflection point in the van-derWaals region; something that has also been observed before. 13 Herein, we report that also the SOGGA-11X, N12-SX and MN12-SX curves have inflection points, albeit with less pronounced changes in curvature (Fig. 1b) . SOGGA11 shows a very unusual dissociation behavior: first, it overshoots the binding energy by more than a factor of 5 before it becomes strongly repulsive at around 5Å (Fig. 1a) . M11 is the only functional that somewhat binds the dimer, however, the binding energy is underestimated by a factor of almost 5 and the optimal Ar-Ar distance is by 0.8Å too long (Fig. 1b) .
For previous Minnesota functionals, an unpredictable quadrature-grid dependence has been reported, 18, 19 something that has inspired the recent suggestion to impose grid sensitivity as a constraint in DFTA fitting procedures. 20 Initial attempts with Gaussian's 21 large "ultrafine" (99,590) Lebedev quadrature grid produced wiggly dissociation curves for the argon dimer for nearly all methods ( program and its largest quadrature grid confirmed the unusual form of the SOGGA11 curve, thus ruling out any grid dependencies as the culprit (Fig. S2) . A more detailed analysis of the technicalities of grid dependencies should be reserved for a separate study.
To summarize, the initial results indicate that all investigated functionals have serious problems with the proper description of London-dispersion effects in the argon dimer. The unphysical results in the medium-range region are particularly worrisome, as the parameter fitting procedure was designed to mimic dispersion effects near vander-Waals minima. In the remainder of this manuscript we will determine if this conclusion can be generalized.
The results for the argon dimer are surprising, as light rare-gas dimers were part of the initial parameter training set, and any problems with nonbinding behavior during the fitting process have not been reported. [1] [2] [3] [4] [5] [6] [7] Tab. 1 gives a likely explanation for this discrepancy by comparing the binding energies for the neon and argon dimers for kcal/mol for the neon dimer. The likely explanation is that the BSSE is the source for this good result and that it does not stem from any functional-specific components.
Remarkably, SOGGA11 shows the reverse behavior for the neon dimer; it is unbound for MG3S and too strongly bound for AVQZ. Note that unusually high BSSEs even for very large AO basis sets have been reported for the M06 and M11 suites of functionals and they were attributed to the magnitude of the inhomogeneity correction factors in the respective exchange parts. 25 The extent of BSSE for both dimers and basis sets is further analyzed in Tab. S3, and we can conclude that also the SOGGA11, N12 and MN12 classes of functionals suffer from BSSE even with the relatively large AVQZ AO basis set.
Next, we turn our attention to Hobza's S66x8 benchmark set, 27 which comprises 66 different noncovalently bound dimers at eight different intermolecular distances.
These are defined by intermolecular distance multipliers (IDMs) relative to each dimer's 
where the summation index n goes over all 66 systems. ∆E is the energy for the decomposition of a dimer into its monomers; hence, a negative MPD indicates an underbinding tendency.
Exactly such a tendency is observed for almost all of the investigated DFTAs ( should be used for the remaining functionals (Tabs. S1 and S2).
The MPDs for S66x8 for DFT-D3-corrected functionals are shown in Fig. 2b . In most cases, absolute errors in the long-range region are reduced and for IDM=2.0 a slight overestimation of the binding energies by up to 10% is observed. Particularly the M11 and N12-SX functionals benefit from the dispersion correction, and the MPDs are usually within ±10% between IDM=0.95 and IDM=2.0. However, for most functionals an overestimation of up to 60% is observed for short distances, most likely due to double-counting effects. This is particularly the case for the dispersion-dominated and mixed complexes (Tabs. S6 and S7), while the dispersion correction improves the hydrogen-bonded complexes for all IDMs (Tab. S5). Overall, M11-L seems to benefit the least from the DFT-D3 correction (Fig. 2b ). General Information. Gaussian09 Rev D.01 21 with the large "ultrafine" quadrature grid was used in most cases, except for the rare-gas dimers, for which the larger "superfine" grid was applied. M06-L and DFT-NL calculations, in the post-self-consistentfield version, 40 were carried out with ORCA.3.0.2 43 with its options "grid7" and "vdwgrid4", and with the resolution-of-the-identity approximation for the Coulomb term. 44 DFT-D3 
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